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1. iNTRODUCTION

Fluc tuations in atmospheric refractive index frequently are
a nuisance to the engineer concerned w i th  coherent propagat ion of
m i crowave , acoust ic or visible radiation. For example , images
v i ewed through a telescope suffer a loss of resolution due to such
fluctuations, wh ich is part of the reason astronomical observa-
tor i es are generally located at hig h eleva ti ons where the overl yi ng
air mass is reduced.

In recen t years, however , refract ive fluctuations have proven
increasingly benefi cial to the meteorologist. Because these
fluc tua ti ons dis tor t and scatter elec troma gne ti c rad i ati on and
sound waves , they permi t remote soundin g of the atmospher ic
turbulence f ield. Thus the use of lasers , acous t i c  sounders and
a vari.ety of radars for remotely sens i ng the atmos phere i s now
common pract ice in many meteoro log ica l  f ie ld exper iments.

As Gossard (1978) has pointed out,  th is burgeoning use of
remote sensors has created an urgent need for an understanding of
how the de tailed boundary layer structure affects responses of

s uch sensors . A further benef ic ia l  outgrowth of these investiga-
ti ons has been an increased cooperat ion and co l labora t ion  among
ex perimental ists and boundary layer turbulence theoreticians.

Within the inertial subrange of hi gh Reynolds ’ number
turbulence , the re f rac t i ve  index structu re funct ion is

2
[n(~ ) - n(~ +r)) 

= C~ r~
’
~ , (1)

where n i s refrac ti ve i ndex , x and •r are pos ition vectors, and

r = I n .  Here C~ is the refractive index structure parameter and

may be regarded as an Indicator of refractive index fluctuation

intensity . The backscattered return to the remote sensin g devices

men tioned above Is related to C~ . Th is report is primarily

concerned wi th the detailed nature of the refractive index

structure paramete r within the planetar y boundary layer (PBL).

— — .. .~ .. . .
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Study of the s ta t i s t i ca l  propert ies of structu re functions
wi th in  turbulent f lows traces back to the pioneers of turbulence
theory (e .g . ,  Kolmo gorov , 19 41; Taylor , 1935 ). The hypothesis of
loca i isotropy , when combined wi th  the physical and dimensional
reasoning which comprises similarity theory , permitted these
theoret ic ians to develop general and far-reachin g statements
concerning the nat ure of turbulence. The work of Tatarsk i l  (1961 ,
1971 ) represents a major step toward an understanding of the
inf luence of turbulence upon wave propagat ion.

¶ In a mo i st atmosphere , turbulen t fluctua ti ons of tem pera ture ,
humid ity and pressure can all contribute to variations of refrac-
tive index. However , i n mos t ci rcumstances the fluc tua ti n g
pressure contribution is found to be negligible. The possibl -e
importance of the temperature -hum idity covariance, Fq ’ , to the
backscatter of microwave radiation was demonstrated by Gossard
(1960). In most circumstances , however , the var i ance of mi crowave
refractive index is determined by the humidity variance. But the
rela tive importance of temperature and humidity variances , and
their covar iance , to the re f rac t ive  index var ian ce depends upon
whether one is consider ing opt ica l  , acoust i c or m i crowave
propagation.

For optical an d acoustic waves , temperature-induced density
changes have generally been considered to be the dominant source
of re f rac t ive  index var iance.  More recent ly ,  the contr ibut ions
of humidity fluctuations and the humidity-temperature correlation
to acoustic and optical refractive index variations have come under
increased scruti ny (Wesely and Derzko, 1975; Friehe et a l . ,  1975;

~~~ Wesel y, 1976). In the numerical experiments , described in this
report , the individual influences of temperat ure and humidity
fluc tuations upon acoustic, optical and microwave structure

4 parameters are examined In both marine and continental boundar y

la yer simulations.J Numerical boundary layer modeling is a remarkably fast-growing
f ie ld of meteorology . The expanding co l lec t ion  of second-mome nt
and subgr id-sca le c losure models can be bewi lder ing to the boundary

2 
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layer spec i al i st as well as to those i n related scientific fields.
The add itional complexi ty of these models can be justified only
If they can more accurately represent the physics invol ved.
Certa inly these sophisticated model s are no less empirical in
nature th an earlier boundar y layer models , and must be regarded
onl y as one further step toward an understanding of boundar y l ayer

processes.

The add itional complexity of second-moment closure models
• offers the benefit of addi tional information concerning the

ensemble-average stat istical properties of the turbulence field.
In such closure mod els , no t only are equations for the mean varia-
bles solved (as in the usual primitive equation model), but one
also solves equations for the many Reynolds terms of momentum ,
heat and mo isture flux. Among the interesting turbulence quantities
calculated are the temperature and humidity variances , and the
tempera ture-humidity covariance. From these turbulence variables,
refrac tive index variance for microwave, acous ti c , and optical
rad iation can be computed. This is the technique presented in
th is report.

There are restrictions on the interpretation of results derived
from a second-moment closure model which must be clearly stated and
recognized. The model does not deal d irectly with the instantaneous
perturbat ion propert ies of the turbulent f low . Instead , ensemble-
averaged quantities are the dependent variables. Thus, in computing
a re f ract ive index struc ture parameter based upon the variances of

temperature and moisture , and their covariance , we are exam ining a

C~ representative of ensemble-avera ged statistics of the boundary

• layer. Wyngaard et al. (1971) note that such ensemble-a veraged

quantities lack the intermittent burst of activity associated with

• short term avera ges .  This is the reason , for example , that ver ti cal

prof i les of the temperature structure parameter , C~ , which are
found from short time averages , often have a very jagged appearance

(Fri tz and Lawrence , 19 7 7)  as compared to those computed from a

c losu re model . -

3
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Of course, the response of a remote sensing device is directly
related to the short term behavior of the structure parameter
ra ther than to its ensemble -averaged value. It is necessary to
look to the lon ger term beh~av ior of such short-time-avera ged
s ta t i s t i cs  in hopes of achieving an adequate comparison with model
predictions. This situation is analogous to the position main-
tam ed by statistical mec hanics , rela tive to classical thermo-
dynamics. In statistical mechanics one seeks more information
than simply the quasi-equilibrium values of init ial and final
state , but is incapable of dealing with the full complexity of the
instantaneous behavior of the system. Thus, the ensemble-averaged
dynamic behavior of the system is exami ned.

Sec t i on  2 of this report describes the origin of the equations
wh ich make up the second -moment closure model and discusses the
na ture of the boundary conditions used. Section 3 discusses the

functional dependence of acoustic , optical and microwave structure
coefficients upon temperature and moisture fluctuations . Three
separate boundary layer simulations are presented and their results
are d iscussed in Section 4. Concluding remarks are given in
Sect ion 5.

:
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2. THE MODEL

2 . 1  MODEL EQ UATIONS

The model is a Boussinesq, one -d imensional , second -momen t,
turbulence closure model. F.i rs t it i s necessar y to demons trate
how equat i ons descr i b i n g the dynam i c behav i or of the secon d
turbulence momen ts may be genera ted , an d also to no te the po i n t at
which such closure models depart from conventional eddy coeffici ent
mode ls.

2. 1.1 Der ivat ion of Dynamic Equat ions for Turbulent Moments

Begin w i th  the Bouss inesq  equat ions of mot ion;  the conserva-
tion equat ion for a sca la r  property , 5 , and the cont inu i ty  equat ion :

~o . -
= - 

kU i ) 
- 

<~~~> ~x . - C ikL l
~k~ L (2)

> -J
+ 1  - 

~ - l IS . g + v  1

I <0v > j  13 
~
xk ax k

— — -
~
j-—(UkS) + 1s aX k aX k 

(3)

.
~
i.
i
- = O .  ( 4 )

The symbols are convent i onal , representing the velocity vector,
U1 ; pressure , p; density , p; virtual potential temperature , 0,,;

grav it ati onal accelerat i on , g; and v and the kinematic viscosity
and molecular diffusiv ity for property S, respectively. The

al terna ti n g tensor , cjjki is use d In defining the cross product
wh i ch app ears i n the Cor i ol l s force term; 

~k 
i s the Cor i ol i s

parameter. For purposes of this illustration no source or sink
term is included in Eq. (3). Note that the advect ive terms have

been written In flux form by use of Eq. (4).

5
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In order to der i ve equa ti ons for the ti me dependence of the
mean variabl es , the Reynolds averag i ng conven tion ,

i s i ntroduced , with X representing any one of the mod el variables.
Mean var iables are repres ented by the upper case, whi le per,turba-
tion quantities have a prime indicating the fluctuating departure
from the mean . In~e,?ting these decompositions into the equations
of mo tion and then performing a Reynolds average yields the averaged
equat i ons of mo ti on ,

— [UkU i + u ’.u 1~) - 
L ~~~~— - C jk ,R,fkUL (5)

~~ - <~~ >

[ 

~~~~~~~~~~~~~ - + ~ -
‘

Trea ting Eqs. (3) and (4) in a similar manner gives

_ _ _  
2 .

— a r  I I~~I a S- - —1U S + U S j  + y , ~6)

0 .  ( 7 )  f
The form of Eqs. (5)-(7) is quite similar to that of Eqs. (2)-(4).
However , additional terms involving the momentum and scalar fluxes ,
u~u~ and u~ s ’, appear in Eqs. (5) and (6). These terms owe their
ex istence to the nonlinear advection terms rather than the molecu-
lar d i ss i pa ti on terms , but in spite of this they are frequently
i den ti fied as “fri ction ” terms . When attempting to integrate the
full set of primitive equations , i t i s tur bulen t moments such as
these that create a closure problem. That is , there are more
unknowns than equations. The choice becomes one of either devising
a method of reducing the number of unknowns at this stage of

develo pment , or of generating additional equations which describe

the dynamic behavior of these turbulent moments. This is the

point of departure of the eddy coefficient (K-theory ) and the

second-momen t closure approaches.

6 
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Typ ical ly , K- theory relies upon mixing leng~h ar gumen ts an d
analo gies with molecular diffusion In order to write

- K 
aS_ u

i s — iax 1

where K
~ 

is the eddy coeff i c i en t i n th e X 1 -d irection. Thus,
insertion of Eq. (8) in Eq. (6) reduces the number of unknowns
prov ided K1 may somehow be s peci fi ed. Techn i ques for spec ifi ca ti on 

-

‘

of K1 have been develo ped for use in simple boundary layer situa-
tions .(e.g., O ’Brien , 1970). But , s i nce K

~ 
is a property of the

nonl inear turbulent fl ow and not a fluid property , specification
of K

~ 
a priori can become a near impossibility when a variety of

me teorologically complex situations are to be addressed.
The second-mo ment closure technique uses the second of the

app roaches ment i oned above ; namel y, additional equat ions describing

the dynamic behavior of the turbulent moments are developed. To

illustrate how such moment equations are derived: subtracting the

avera ged Eqs. (5)-(7) from their respective equations for instan-

taneou s variables (2)-(4), yields equations for the perturbat ions:

= - j~
— [Uku~ 

+ u~~lJ~ + U~ u~ - u~ u~] 
- 

~~~~~~ }~
- ‘ (9)

a2u~
- c lk~fku~ + <0,,> 13 g + ‘~

, ax k ax k

_ _ _  
2 ,  j

= - .5..
~~
.[Uks ’ + u~S + u 1~s ’ - u 1~s ’] + 

~~ ax 1(~x~( 
(1 0)

au~_ .._i
~~~~~~~~. (11)

ax 1

An equation for the dynamic behavior of the stresses , u~uj~ is

der ived by first multipl ying Eq. (9) by u, ; then replac i ng
subscr ipt I with J in Eq. (9); and forming a second equation by

multiply i ng by u~~. Add ing these two equations and performing a

Reynolds average g ives :  -

7
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.
~ .(u .juj) + j~— (U~u~ u~ ) = - ~~~ ~~~ - u~ u~ ~~~~ 

-

- ~~ ~~~~ u t + ~~~~ u 1 + P.... ~~ + _.PL .! ~~Ij  ax~ iJ  <p> ax 1 <p> ax~

- c IkL fkuJ
u
~ 

- Cjk&fku i~ L + 

~~~~~~~~ ~
i3 + U~~O~ 6j3]

Ia ’u ’u~ au~au~+ V i  ~ — 2 1 ~ (12 )ax k ax k

Simi lar ly ,  c ross —mul t i p l y ing  Eqs. (9 )  and ( 1&) by s ’ an d u~ ,
adding, and Reynolds’ averaging, gives

+ .
~~

_-(Uku~
s ’) = - u~s ’ ~~~~ - u~u~ }~~

— (13)

- ~ — (u~u~s ’) - .~J_ .  a(jT’s ’) 
+ .

~~

. - C
~ k~

fks ’ u
~

5 0  a { a U ~ , , au !
+ <0v > ~13 g + ~-~

_
[vS ’.~-~

]- + 
~suH-~----]- 

(v+ y 5 )f ~— ~

Thus , we now have equations which describ e the dynamic behavior of
the momen tum an d scalar fluxes , u u ~ an d u~ s ’ , which appear in the
avera ged Eqs. (5) and (6). However , exam ination of Eqs. (12) and
(13) show that a problem of closure still exists. Additional
unknowns (e.g., terms involving triple velocity corre lati~ ns ,
pressure-ve loc i ty  correla ti on , etc.) appear in these expressions. •

A gain a method of reducing the number of unknowns at this stage
may be sought, or still more equations which describe the behavior
of these new unknowns may be developed. Should the latter course
be selected , the new set of equations would contain an Increasing
number of unknown terms . Th is is the fundamental nature of the
turbulence closure problem and arises from the nonlinearity of

turbulent flows. Once the turbulent field was decomposed i-to a
mean and a pertur bat i on , the full detail concerning the flow ’s

8
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instantaneous behavior could only be reconstructed with knowledge
of all ensemble-average statistics of all turb ulent moments.~
Fortunately,  our goals are always cons iderably more modest.

2 .1 .2  Closure Relat ionships and the Full Set of Equations

The term ‘second -momen t closure ’ derives from the fact that
assum pti ons are made i nvolv i ng the unknown terms i n the eq ua ti ons
for the second moments (e.g., Eqs. (1 2) and (13)) which reduce the
number of unknowns to the number of equations. The unknown terms
are ‘modeled’ (i.e., the closure is effected) by relating them to
terms involving the mean variables and the second moments.

Donaldson (1973) outlines some basic princ iples that provide

guidance in the choice of closure assumptions. Of necessity , the

cl osure assumptions are empirical in nature and model improve ment
and re fi nemen t de pend upon ex per i men tal pro g ress .  T he theore ti ca l

bas i s for many tur bulence c losure tec hni q ues i s fi rml y roo ted i n
the pionee ring work of such investigators as Kolmo gorov and Rotta .

Mellor (1973) and Mel lor and Yamada (1974) developed a

second-mome nt closure mode l for investigations of the PBL . Their

modeling techn i ques were closely followed in the m odeling develop-

ment discussed here. The nature of the closure relatio nships used

to treat the unknown terms in Eqs. (12) and (13) are now briefl y

outl ined. Rotta ’ s (1 95 1 ) tendenc y towards i so trop y term deal i ng
with the energy redistributing prooert ies of the pressure- velocity

gradient terms is wr i t t en  as

- ~~~~~~~ 
_~~~ iq 2

) + C q 2(.~~i+ .~~.i). (14)

~ere q2 = which is twice the turbulent kinetic energy , ~ is a

leng th scale and C is an empirical constant. The length scales

and proporti onal ity constants which appear in this and followi ng

closure expressions are taken from Mellor and Yamada (1974, 1 977).

The triple correlat ion velocity and scalar diffus ion terms

are modeled as

_______ 
,au~ u~ Bu~ u~ au~ u~

I ’  ‘ =~~~~ x l ‘ —
~‘ - +  ‘

~~~~~~~~+ ~~~~~~~~ (15)U 1 i k 1k aX
k 

aX
j  

ax 1 / 
‘
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au ’ s~ au~ s ’
u1u~

s ’ = - ~x 2( ax k 
+ . (16)

The pressure diffusional terms are assumed to be negl igible , thus ,

p ’u~ = ~~s ’ = 0 . ( 17)

Closure of the mol ecular dissipation term is based on the
conce pt of loca l isotropy developed by Kolmogorov: -

au ’ au~ 32v—J-~ --J- = 6 . .  . (18)ax ux ‘ ‘1 ~

Com p le ti ng the necessary c losures , we have

~~~ - —s— 5~ ‘19<p> ax 1 3L 2 1

au !
(v+ y ) ~

-
~
--- ~~~ = 0 . (20)S Xk Xk

As no ted by Mel lor (1973), this last relationship, Eq. (20), follows
from the general requ i remen t tha t the c losure rela ti ons hi p has
the same tensor properties as the term it replaces. Since this
is a molec ular diffusion term which is expected to exhibit local
isotropy , and since there is no isotropic first-order tensor, this
diffusion term is set to zero . In the above closure expressions ,
A 1, A 2, A 1, and £2 are all len gth scales which are proportional to
each other , as d iscussed by Mellor and Yamada (1974).

Note that If i=j in Eq. (12) and the tensor contraction is
perfo rmed , an equation for twice the turbulent kinetic energy , q2 Is
achieved. Now summar izing the general set of equations with the
closure terms included , whi ch forms the basis of the model equations:

;
~_i~ ~ - 

~
—{UkUj + u u ~) - - d ikt fkUL

~ -<0 a 2u
+ [. ~~

Ø >
~~ ’ - lfs 13 9 + • (21)

— p.—

~ 
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ao ‘ 

‘ 

a2e
= - j~

_ [U
k0L + u~ 0~] + 

~e ax~~x~ 
+ grad (22)

a ‘

= - •
~~

_EU
kQw + u~ q~] + Yq ax k ax k 

(23)

a u . au ’
(24)

1 1

+ j~—(U~ q2) = - 2u~ u~ 
.!. ~~..t + ~~__ [~A l(~~

.
~
. + 2 

au l u
k)]

. 

+ ~9 u~0 , 6i3 
- (25)

+ j~—(U~ u~u~ ) = - u~u~ ~~~ - ~~~ ~~~

+ ~ + 

au . u 1~ 
+ 

a uj u~
~~~~ 1k ax k ax~ ax i 

-

- —s-— u ’ u ’ - ~JJ 2 + C 
2(aU1 

+3t 1 I j q q \ax~ ax
~

’

+ <~ v >
E
~~

0
~ ~~ 

+ - u o ,~ ô~ 3] 
— 

~~ 
~~

-

~

- 

~~~~~ 
(26)

~~~~~~~ + — (Uku~
o
~
) = - u~ o~ ~~~~~~ - u~ u~ ~~~~~~

+ 

~~~~~
_ 

[~
A2(~~~

°
~ + 

~
°
~

)] - ~~~~~~ + :~~ 
- 
~~~~ 

(27 )

____ _____ _____ 
aU 

____ 
aQ

~~(u~q~ ) + — (U~ u~q~ ) = - u 1~q~ ~~-~~~- - u~ u~ ~~~~~~

+ j_
~~

A 2 (a~~~
’ + - . ~~~~

— u .q ~ + 
:

~~~:~~ 

613 9. (2 8)
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Here e~ i s the li qu id water potential temperature (Betts , 1973;
Deardorff , 1976)

~~~~’ 
the total water mixing ratio; ’and grad ’ the

rad iative heating /cooling rate. These choices of thermodynamic
variables are discussed later . Presentl y, i t Is only necessar y to
no te that and 

~w 
are quasi -conservative even In the presenc e of

condensa tion.

Equations (25)-(28) contain the additional unknowns u.j 0 ,~
and o ,q~,. Since 0,~ Is no t a conservative variable in the

presence of condensation , the prev iously illustrated technique
canno t -be used to arrive at equations for these unknowns (e.g.,
we cannot simply put s ’ = e ,~ in Eq. (13)). Instead , use is made
of a procedure given by Yamada (1978), in which equations for

e~
2, q~

2 , and o~ q~ are developed . Then equat i ons w hi ch rela te

~~~~ ~~~~ and to these other variables are derived.

There fore , first write Eq . (10) with s ’ = and then write
it with s ’ = q ,. Cross-mul t ip l y ing by o ,~ an d q~,, adding, and

inserting the -closure relationships yields

_____ ____ 
a® 

____w + _ (U
~ e~q~ ) = - u~q~ ~~~~~~ 

- u~0~ ~~~

‘ I  

.

a ae~q~ a
+ .
~j—~qA 2 ax k ) 

- 

4 
e~ q~ ‘ (29)

Equations for and q~
2 are derived by multiplying Eq. (10) by

s ’ , then rep lac ing s ’ first with and then with q~ ,

a:~ 2 
+ = - 2i~~e~ ~~~ + j f_ (qA3 ) - 

~~~

• 

~~~~~~

(30)

:~~
2 

+ = - 2u~~~~~~~~+ 
~~~~~~~~~~~ ~~~~~~~~~~~~~~~

- .  (31)
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Wit h the aforementioned relations for ~~~~ ~~~~ and ~~~ given
by Ya mada (1978), Eqs. (21) - (3 1 ) represent a c losed set .

Use of the boundary layer approximation consIderably simplifies

th is set of equations , and even further simp lifica tions are
possible. Through a systematic process of s impl i f i ca t ion  based
upon the degree of Isotropy of the terms involved , Mellor and
Yamada (1974 , 1977) descrIbe a hierarchy of turbulence closure

• models. Omi tting details alread y described in their work , It i s
onl y necessary to state here that use is made of their ‘level 3’
approxima tion In which certain tendency and triple -co rrelation
diffusion terms are neglected from the equations for the second
momen ts.

2.1.3 Thermodynamic Variables and Treatment of Clouds

At this point , a return to the thermodynamic variables, $
2

and Qw , selected for the present model is warranted. The model
prev iously used by Burk (1977) contained water vapor , but did not
perm it condensation. The thermodynamic variables of that model
were v irtual potential temperature , ® v ’ and specific humidity , Q.
The fac t that ®

2 
and 

~w 
are quasi-conservative in the presence of

condensa tion was an important factor in their selection for the

presen t model , since it permitted the direct carryover of many of

the model equations and techniques used in the earlier model .

Liquid water potential temperature, e~ , is related to poten-

t ial temperature , 0, absolute temperature , T, and l iquid water

specific humidity , Q~ by

• 02 = 0 - 
~~ ~~Q 2 . (32)

Here c~ is the spec ific heat of dry air at constant pressure , and
L is the latent heat of vaporization. The total water-substance

spec ific humidity is given by

(33)

where is the saturat ion s pec i f ic  humidity .
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Using these thermodynamic variables , Sommer ia and Deardorff

(1977) and Mellor (1977) discuss a treatment of condensation which
permits only a fraction of a grid volume to contain saturated air.
In th i s me thod , the presence or absence of condensed water within
a grid volume is not determined solely by the mean variables , 0

2
and Q~,,. The tur bulen t fluc tua ti ons a bou t the mean are a lso
cons idered. In particular , .0~~ and are assumed to have a joint-
normal probability distribution about the mean , w i th the mo del
ca l culated quan titi es , ~~~ q,~,2, and ~~~ determ i n i ng the s i ze and
sha pe of th e d i s tr ib uti on. Sommer i a and Deardor ff (1 977) p resen t

an approximate method whereby the cloud fraction and liquid water
con tent may be computed. Their method is used in this model.

2.1.4 Rad iative Transfer

For computation of rad iative heating/cooling, grad’ I have

been fortunate to be able to use directly the scheme developed at

A cronautical Researc h Associates of Princeton and discussed by

Oliver et al . (1978).
This radiative scheme uses the two-stream approximation in

which the direct solar and terrest rial thermal radiation fields

are treated as separable. Beginning with the radiative transfer

equation for a monochroma ti c beam of i ntens i ty I ,

~ dt ,~, 
= - ‘I V ‘ 

( 34)

and Integrating through opt ical  depth , over sol i d an g le , and over
bandw i dth gives the radiative flux at some level z1 (either upward

or downward flux depend ing upon direction of Integration through
• optical depth ) .  The result  is

F~ ( z 1) ~‘ (z 0 )8 1 ( r 5 — t 1 ) + J (t
1 ) 

—

z l — 
p

- I 8 1~~~~- t -
1
) ~~~~ dz , (35)

z 0

14
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F~ (z 1) = (H)
~ i (t l -t H) 

- 

~
(r 1 ) -

- 

H5 
B i (T-T l ) ~~~dz , (36)

where J is the source funct ion; H is a height above which we will
no t consider con trib uti ons to t h e dow nward f lux ;  I.’ , the cos i ne o f
the zen it h an g le; v , frequency ; 8~ the t ransm i ss i on func ti on;
subscript i represents the bandwidth , Av 1, over wh i ch the fre quenc y
integration has been performed; and the overbars represent average
values within this bandwidth , The ne t fl ux a t level z 1 is

F~ (z 1 ) = F~ (z 1 ) + F~ (z 1 ) . ( 37)

The radiative heating/cooling rate is given by

— _______ 

dF~grad — - <p> c T ~~~ 
( 38)

For terrestrial radiation , Raylei gh scattering is negligible
and the source function , ‘I, may be set equal to the Planck black
body function. In doing so , local  th e rmodynam i c equ i li br i um Is 

‘

imp lic ity assumed. This is a good assumption in the l ower
atmosphere . Scat ter ing  of solar radiation is neglected, and
emiss ion  at v i s ib le  wave len gths  is neg l ig ib le ,  so that the source
term for direct solar radiation is set to zero . The transmission

funct ions used also take cloud liquid water into account as well

as molecular absorp tion. (For deta il s~ concern i ng t h e boundar y flux

values (F~ (z 0), F ( z 0)) and the selection of vi sible and infrared

transmission functions, see Ol iver et al. (1978).)

2.2 MODEL STRUCTURE AND BOUNDARY CONDI TIONS

The grid structure In this model has high near- surface resolu-

tion wi th a non—uni form grid spac ing.  A lo f t ,  the grid spacing is
coarser and uniform . ‘Simi larity functio n relationships are used

to pro vide the l inkage between the prognost ica l ly  computed grid

15
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var iables and the surface values. That is, the prognostically
com puted values at the second grid point above the surface and
the surface values are used In conjunction with the stabili ty—
dependent s imi lar i ty  prof i les to calculate the variables at grid
point 1. The values at grid point 1 in turn infl uence the prog-
nos tic values through finite differen ce vertical derivatives.
Barker and Bax ter (1975) describe such a technique of treating the
lower boundary cond itions. Their scheme is used here by first
calcula ti ng a b ulk R i ch ardson num ber ,

z ( o  - 0 )

Ri B = 

2 v~ v0
V 2

where 
~v ~

5 the layer average virtual potential temperature,

V 2 = + ,,2, and subscri pt 2 refers to values at the second
grid point above the surface. This bulk Richardson number is then
used in conjunction with Eqs. (19)-(21) of Barker and Baxter (1975)
to find the Monin-Obukhov length. Next, the surface scaling

values U*~
Ov , and q.~, are calcula ted and the values of u,v

~
Ov and

Q at the first grid point are found from the similarity functions

(Bus inger et al. , 1971; Paulson , 1970).
Lower boundary conditions on the turbu lent var iabl es are

found by assuming a near-surface production-d issipation balance

in their dynamic equations. For example , in the turbulent kinetic

ener gy (TKE) Eq. (25), the shear and bouyant production of TKE

are required to be equal to the viscous dissipation rate. Thus ,

tendency , advect ion and triple-correlation diffusion terms are

neglec ted. In the boundary layer approximat ion , the TKE equation

then becomes

- u ’w ’ + 
<13~~> 

w ’e~ = q 3/A 1, • (40)

where, for simplicity of notation , the surface stress is assumed to

be al igned in the x-d irection. This equation may be rewritten as

~~ 
~~ +m

z
~
’
~~] 

- 

<>~~~~~~ 
u,~e ,, = q3/A 1 , (41)
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where is the nond imensional wind shear. Thus , th~e~ boun dary
cond i tion on twi ce the TKE at gr i d po i n t 1 i s

A 2/3
q~ = u

~ [k.~’ ~~(~.1)] - (~~~
1
> u*ev*)2~

’3 (42)

In the previous work (Burk , 1977), lo gar it hm i c (law of the
wall) relat ionships were used rather than the general similarity

• 
- 

func tions. This requires that z/L < <  1, thus necessitating that
the flrst .several grid points be very close to the surface. The
use of similarity functions helps relax this restriction somewhat.

For the simulations of the marine boundary layer discussed ,
sea surface temperature was held constant. Generally the oceanic
surface rou ghness , z0, is computed from an empirical formula
(Charnock, 1955-; Wu, 1969)

u~
—

~~~
- — =  64.0 (43)g 0

where u~ is the surface friction velocit y . The specific humidit y

at the sea surface is taken at its saturat ion value based on the

sea sur face temperature . 
.

A t the upper bound ary , the turbulent fluxes and mean wind

shears are assumed as zero , while the lapses of Qw and ®
R. 

are
held constan t.

Numer ical integration proceeds as described by Yamada and

Me llor (1975), and Burk (1977). The difference equations are

implicit and solved by the Thomas algorithm (von Rosenberg, 1975).

17
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3. REFRACTIVE INDEX STRUCTURE FUNCTION COEFFICIENTS

The increasing use of remote sensing devices for probing the
atmosphere demands intensified scrutiny of the nature of refractive 

—

Index fluctua tions , because these f luc tua t ions  of ten prov ide the
scattering tha t the devices sense. Since atmospheric refractive
index is wavelength dependent, the functional dependence of the

refrac ti ve index structure param ter , C~,is also depen dent upon

wavelen gth. Wesel y (1976) used the well established formulas for
refractive index in conjunction with the Kolmogorov-type 2/3 power
law , Eq. (1), to der i ve ex p ress i ons for acous ti c , o pti cal and
m i crowave C~ .

The refractive index structure paramter of acoust ic waves is
generally found to be dependent primarily upon temperature fluctua-

tions. Thus , Wese ly (1976) formulates the acoustic C~ as

C~ = [C~/4T
2]c~ , (44)

where C~ i s th e tem pera ture struc ture parame ter an d i s a
correction factor given by

2DC T DC T \2
= 1 + reT( C j~ 

) + (c T~ 
) . (45)

Here , Ce is the square root of the water vapor pressure structure

parameter , and can be d i rect ly  re lated to the spec i f i c  humidity
structure parameter , C~~. The other terms in Eq. (45) are th e mean
press ure, P; a constant , D , equal to 0.307 ; and the s t ructura l
corre lat ion coef f ic ient

2
- 

reT = CeT/(CeCT)

where C
~ t is the crossed structu re funct ion coefficient.

The opt ica l structure coeff ic ient  is a lso  genera l ly  dependent
primarily upon C~ , and Wese ly  (1976 )  formulates it in a s imi la r
fashion as

C~ 
= [C~A~P

2/T4]ci~ , (46)

19 

-~~ — — —~~~~~~ —- -•~~~ ~~~~~~~~~~~~~~~~~~~~ 
- - -

~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



where

2 12(l-A2/A 1 )C i] 1 (l-A 2/A 1 )C Ti2
= I + retL CTP 

e 
+ CTP 

e (47)

Here A 1 and A 2 are constants wh ich appear in the equation for
optical refract ive index and are given by A = 78 .7x l 0 6 K mb~~
and A 2 

= 66.3xl0 K mb
Hence , the contr ib ut i ons of moisture fluctu at ions to the

acoust ic  and opt ical  structure parameters appear only through the
correc ti on fac tors 

~a 
and av . Wesel y and A lcaraz (1973) show that

i n the surface and i n a free convec ti on la yer , 
~a 

and av may be re-

la ted to th e local Bowen ra ti o. (see Figures 1 and 2 of Wesely (1976)).

The refrac ti ve i ndex struc ture param eter for m i crowaves has
generally been found to be primarily dependent upon fluctuations
in water vapor pressure , and Wesel y (1976) wr it es

2

C~ = [ e 3 2 ~ ~ , (48)

where ,

= 1 + reT EC T(1 A /A )] + 
[Ce

TJ_A 4/A 3
’)] 

. (49)

Here A3 77.6xlO 6 K mb 1 and A 4 
= B+C/T, where B=72x l0 6 K mb~~2 -land C = 0.375 K mb

Thus, Wesely (1976) provides a very complete development of
the funct i onal de pendences of acous ti c , op ti cal and m i crowave
ref ract ive index structure parameters . However, there still

remains the task of ac tuall y evalua ti n g th ese func ti ons throu gh ou t
the PBL. in a variety of circumstances. We need to know under wha t
condit ions the correct ion factors ct~, z~, and are near un ity , and
the extent to wh ich these correct ion f actors may be d i rect ly
determine d by the local Bowen ratio .
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In order to evaluate - Eqs. (44)-(49) with the turbulence
closure model , expressions for C~ , C~ , and C~~ mus t be developed.

— 
Corrs in (1951) proposed an expression for the one-dimensional

• temperature spectrum in the inert ial  subrange which is depend ent
upon the rate of molecular destruction of temperature variance , x~

— and the rate of molecular dissipation of TKE , ~~. It can be shown
(e.g., Wyngaard et al. , 1971) that this leads to

C~ . = 1.6 
~ 

-1/3 (50)

Based upon the previously described closure technique of treating
the molecular d i ss i pa ti on terms , Eq. (50) may be written as —

2 — T’T’CT — 1.6 2/3 (51 )
2

Similarly, ex press i ons re l ati n g C~ an d C~1 can be developed which
involve the rates of molecular dissipation of moisture variance,
temperature-moisture covariance, and TKE (Wyngaard et al., 1978).
Thus , expression s similar to Eq. (51) are written for C~ and C

~e~
Wesel y ’s (1976) relationships for acoustic , opti cal an d m i crowave
refrac ti ve i ndex struc ture pa rame ters may now be di rec tl y evalua ted
throughout the PBL . Again , it should be recalled that these
computed structure functions will be based upon ensemble-averaged

statistics and therefore cannot be directl y related to a short-

time-averaged structure function.
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4. MODEL EXPERIMENTS AND RESULTS

The resu lt s of several mo del ex per i men ts are descr ib ed i n thi s
sec ti on , w it h part i cular emphas i s u pon refrac ti ve i ndex struc ture
func tions within the PBL. The first two cases involve simulations
of the marine planetary boundary layer (MPBL); an overland
simulation is presented in Case C.

4.1 CASE A

A numerical experiment similar to that of Sommeria (1976) is
discussed in this case. Sommeria used an updated version of the
Dear dorff (1972) three -d imensional , subgrid-sca le turbulence model
which includes condensation to describe turbulent processes within
an un di strubed trade w i nd boun da ry la yer. Here , use is made of the
same initial profiles of potential temperature , specific humidity ,
and wind as displayed in Figures 2-4 of Sommeria (1976), and the
same initial and boundary conditions. The period of integration
for this case was 6 h , which is about that used by Sommeria.

However , our specific humidity and potential temperature fields
do not evolve in the same manner as in Sommeria (1976). Sommeria
shows the specific humidity decreasing with time between the surface
and 550 m , while our model has specific humidity increasing within
this layer (Figure 1). Since the surface specific humidity is

assumed to be at satura ti on (22 gm kg~~ ), the near-su rface drying

present in the Sommeria model is difficult to underst and. It is

true that there is dry air advection associated with the latitudinal

ocean sur face tem perature var i ati on of 2x1 0 3 k km~~ sou thward.
This corresponds to a 2x10 6 km~~ saturation specific hum idity

var iation southward. The max imum value of the meridional wind

com ponen t, Vmax~ 
at t=3.71 h in Sommeria ’s F i gure 4 i s abou t

- 
- -0.45 ms 1 . Using this Vmax in conjunction with the lat itudinal I

specif ic humidity gradient gives a specific humidity decrease due

to advection of only l .2x10 5 in 3.71 hr. Thus , horizontal advec-

ti on of dry a i r canno t accoun t for Sommer i a ’s specific humidity

decrease. Subsidence is not particularly strong in this case ,
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being equal to 0.6 cm s~~ at 2 km and decreasing linearly to zero
at the surface . And , dry air entrainment from aloft does not
appear capable of offsetting the upward moisture flux from the
surface.

Clouds develo p and grow in the region between 550 and 1450 m
where the initial la pse is conditionally unstable. Maximum values
of liquid content obtained are about 0.5 g kg 1 . Sommer ia reports
in-cloud liquid wa ter contents of 0.1-0.3 g m 3. However , the
hor izontally averaged value of liquid water content given by
Sommer ia is several orders of magnitude smaller than this value
since only scattered cumuli develop in that 3-D model. In the l-D
model used here , it was hoped that the method of’ parame ter i zati on
of condensa tion could , to a limi ted degree, distinguish between a
stratus layer and a scat tered cumulus s i tuat ion.  The Sommer ia and
Deardorff (1977) technique used in this model calculates not only
the l i quid water conten t, but also the cloud fraction. For

scattered cumuli , the cloud fraction should be low , while it should

be near unity within a stratus layer. The situation described in

this experiment by the Sommer i a model i s a trade w i nd boun dary la yer
con taining patchy cumuli. But the cloud fraction which develops in

the l— D turbulence closure model is near unit y , and thus indicative

of stratus formation. The source of this discre pancy is not

entire ly evident and w i l l  require further Inves t iga t ion .
The ca lcu la t ion  of acous ti c , optical, an d m i crowave struc ture

parameters throughout the MPBL for Case A is now discussed.

Rewriting Eqs. (44), (46), and (48) as

(acoustic) c~ = ~~~ [c~ + (~.QE)C~1 + (~~)
2

c~], (52)

I
2 A~P

2 
2 2(l-A 2/A 1 )T 2 (l-A 2/A 1 )T 

2 
2 ~(optical) Cn 

= 

~ ~
CT + [ ]CeT + [ ] Ce~ ,(53)

(microwave) c~ = 

A~ (1-A 4/A 3)
2
{2 + [T(1~~~ /A )]C

2
T (54)

+ T(1-A 4/A 2) I

Ii 
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perm its examination of the individual contributions of C2, C2 , and
2 2 1 et

Ce to C~ .
Figure 2 shows the vertical distribution of terms which

compr ise  the aco us t i c  C~ after 3 h integration in this case.
Remarkably , the major contributor to C2 near the surface at this
time is the third term in Eq. (52) involving C . The term Involving
CT , which normally is the primary contributor to acoustic Cn~ 

is
negligi ble near the surface. Qualitative understanding of this
behavior can be found in Figure 1 . After 3 h integration , the

near-sur face verti ,al temperature gradient is very small , wh i le
subs tantial moisture lapse is still present. In the presence of

these mean grad i ents , near-surface turbulence leads to relatively
lar ge moisture fluctuations as compared to those of temperature ,
and accounts for the enhanced importance of the C~ term .

Alof t i n Figure 2 , the s i tua t ion  is complex. All three terms
in Eq. (52) contribute substantially to Lhe acoustic C~ . The
second term invo lv ing the temperature-moisture cor re la t ion  is
negative. The sharp peak in the distribution near 1.6 km is
assoc ia ted  wi th  the presence of clouds and the radiatively enhanced

i nve rs ion  near cloud top.
The f unctional dependence of the terms in Eq. (53) for optical

C~ is the same as that in Eq. (52), except l-A 2/A 1 (=0.158) r ep laces

D( 0 .307) .  Thus, the ver t ica l  d is t r ibut ion of terms mak ing up the

opt i cal C~ after 3 h integration is very similar to that for

acoust i c C~ in Figure 2, but the first term is wei ghted slightly

more .
The vert ical  distr ibution of microwave C~ after 3 h of

integra tion in this case Is shown in Figure 3. Here the contribu-
t ions of the C 2 and C 2 terms in Eq. (5 4)  are negl ig ib le and the
microwave st ructure parameter is dete rmined so le ly  by C e~ 

The

3 prof i les of these structure coe f f i c ien ts  remain much the same
through the remainde r of the integrat ion out to 6 h.
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4 .2 CASE B

This case is a numerical expe riment based upon data from the
Cooperative Experiment in West Coast Oceanography and Meteorology
of 1976 (CEWCOM— 1976) (Bul let in AMS , 19 77) .  Noonkester ( 1978a -,
l9 78b) d iscuss es deta i led MPBL measurements made on 3 October 1976
near San Di ego , California as a part of CEWCOM-1976. He presents 1
acous tic sounder and FM-CW radar data showing the temporal behavior
of an inversion-capped mixed layer.

This numerical experim ent is begun by in itializing the model
with conditions thought to be representative of those at 1200 local
time (LI). There were no radiosonde data at this time , so the
initial temperature and specific humidity profiles are selected to
be consistent with the later radiosonde profiles at 1850 LI and
with the depth of the mi xed layer (about 300 m) at 1200 LT as
indicated by the acoust ic sounder and FM-CW radar (Noonkester,
l978a; Figures 4 and 5). The initial wind field selected is guided f
by the bistatic acoustic wind data presented in Noonkester (1978b).
The sea surface temperature is held fixed at 294°K , giving an
initial 3°K temperature difference between the surface and 10 m.
The surface specific humidity is set at its saturation value, and
the surface roughness length is determined from an iterative
technique using Eq. (43). Noonkester (1978a) notes the presence of
subsidence during this exper iment  from the observed descent of a
subs idence inversion from 2 km to 830 m between 0500 and 1700 LI
on 3 October. lo si mulate thi s subs i dence , a lar ge-scale vertical

veloc ity having magnitude -1 cm s~~ at 1 km was specified. The

vertical velocity is taken to decrease linearly to zero at the
surface.  The method of treat ing the other boundary and in i t ial
condit io ns has been d iscussed in Para . 2 .2 .

It was not the purpose of this ex periment to emphasize compari-

sons of the model ’s evolu tion of the mean wind , tempera ture and
humi dity prof i les wi th  those of the actual data , al though these

f ie lds are briefly examined.  Rather , the goal was to examine the
behavior of the indIvidual terms contr ibut ing to the acous t i c ,
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opt ical ,~ and m i crowave struc ture parame ters i n thi s ra ther typi cal
MPBL situation. But first, a brief discussion of the mean fields
i s warranted.

F igure 4 displ ays the evolution of ‘the potential temperature
and spe.clfic humidity fields. The mixed layer depth increases from
300 m ini .tla lly at 1200 LI to 450 m at 1800 LI (the minimum ’ i n the
v i rtual hea t flux , -w ’e ’~,, was used in conjunction with the potential
temperature and moisture prof i les to locate the top of the boundary
la yer , z1 ). This behavior of mixed layer depth Is in reasonab le
agreement with the remote sounder data (Noonkester , l978a ; Figure 5).

Figure 5 displ ays the vert ical profiles of the three terms in
Eq. (52) which mak e up the acou stic refractive index structure
parame ter after one hour of integration (1300 LI). Near the
sur face~ the term involving C2 is contributing about 65% of the

total acous ti c C~ ; the CTe term abou t 30%; an d Ce the remaining 5%.
Aloft, the situation again is complex , with all three terms

contributing substantially to C~ . The term i nvolv i n g C
~e 

is

negative aloft. This term is dependent upon the temperature-
mo i sture corr ela ti on , T’e ’ , which is negative aloft due to the

en tra i nment of warm , dry ai r from above the i nversi on. No te also
that the peak in the acoust ic C~ occurs at a height of 400 m ,

although the peak in the term involvin g C~ is located at 300 m.

This will be discussed shortly.
Wyngaard et al. (1971) show by means of similarity theory

that within the surface boundary la yer

C~ = T~ Z 2”3f(z/L) , (55 )

where ,

4.9[l-7(z/L)) 2”3 , z/L<0
f ( z / L )  =

4 . 9 [ 1+ 2 . 7 5 ( z / L ) ] .  z/ L>0
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For free convect ion type cond it io ns ( -z/ L>~ 1), Eq.~~ 55) becomes

C 2 — 
~~ L ( 56)

Frisch and Ochs (1975)  suggest a modi f icat ion of Eq. (55)  for
inversion-capped bo undary layers which Is to be valid - above the • 

-

surface boundary layer:

= I~ Z
2’13 f(z/L)G (z/z1 ), (57)

where, G (z / z 1 ) = 1.0 + O . 8 4 ( z / z 1 ) + 4 . 13 (z / z 1 ) 2 ,

and 0 < z/ z 1 < 0.8. 
. I 

-

Here z 1 i s the i nvers i on hei ght.
Due to the near -surface moisture and temperature gradients in

this case , the boundar y layer is quite unstable (at 1300 IT,
I = -12 m). In the f i rs t  50 m , the C 2 term in Figure 5 has a Z~~~~

5

dependence. Under neutral condi t ions , Eq. (55) predicts a
behav i or. Th us , the C2 dependence in Figure 5 is bracketed between
the Z free convec t i on  l imi t  and the Z neutral boundary layer
dis t r ibut ion.  In fact , the distribution is very close to that
predicted by Eq . (57) when the numerical values are inserted.
However , above 100 in the -model’ s C~ di stri bu ti on does no t agree
with Eq. (57). ‘

A gain , the terms making up the op ti cal struc ture parame ter ,
Eq. (53), show much the same behav ior as in Figure 5 since the
funct ional dependence Is very si mi lar.  Henceforth, there w i l l ’  be no
d iscuss ion of the opt ical  structure parameter s ince i ts behavior
closely resembles the acoustic prof i les .

,0The terms making up the microwa ve C~ at 1300 LT are displayed
In Fi gure 6. Again , the f i rs t  term In Eq. (5 4) involving C2 is
the majo r contributor to microwave C ,~. The peak in microwave ~~
in Fi gure 6 occurs at 325 m. This does not coincide with the peak

i n the acoust i c C~ , which as no ted prev iously occurs at 400 m

I, 
(Figure 5) .  Thus, if the average response of remote sou nders we re

to beha ve In accordance wi th  the prof i les In Figures 5 and 6, then
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an acou s tic sounder wou ld locate the base of the inve rs Ion 75 m

higher than would an FM-CW radar. Noonkester (1978a ) points out
that such disagreement between acous t i c  sounders and FM-CW radars
co ncerning the boundary layer mixing depth is quite common. In
fact , on the day of this case study (3 October 1976), Noonkester
reported that the acoustic mixing depth appeared to be greater than
the rada r depth between 1230 and 1315 IT , and between 1440 and
1645 IT w ith a maximum difference of up to 150 m. In the model ,
the acoustic mixing depth only dif fers from the radar m i crowave
mi xing depth between 1245 and 1330 IT. This occurs when C 2 , C 2 , and
Cie do not al l peak at the same elevation which , i n turn , ap pears
to be assoc iated with the nature of the mean gradients of potential
temperature and specif ic humidity . In an ac t ive ly  growing boundary
layer , the base of the thermal inversion and th~ kink in the
hum i dity prof i le where it marke d l y dev i ates from the m i xed layer
value may not always precisely coincide . This is the case in the
model between 1245 and 1330 LI , with the therma l i nvers ion  being
some 50 m higher than the specific humidity kink. Mixing in the
vicini ty of these gradients then resul ts  i n tem pera ture var i ance
having a max imum slightly higher than the peak in specific humidity
var iance.

The model results at 1800 LI (Figures 7 and 8) are quite
similar to thos e at 1300 II. The microwave re f rac t ive index
struct ure function is dominated by the C~ term in Eq. ( 54 ) .  Near
the surface , the first term in Eq. (52) is contr ibuting about 60%

of the to ta l  acous t i c  C~ ; the second term about 35% ; and the third
term the remaining 5%.

However , there are some no teworthy changes which have occured

between 1300 an d 1800 LI. The boundary layer has g rown several
hundred me ters to a depth of 450 in. At 1800 LI the peaks in micro-
wave and acoustic C~ alof t coincide . These peaks occur at 400 in

and are sharper and of larger ma gnitude than those present at

1300 LI. These peaks are located at the top of a thin cloud layer

which has developed.

29

- ~~~~~~~ ~~~ .
.
- ‘  - • .: . - . ..

— ~~ ‘-•—••--.—-- ‘~~~~~~ .•~ ~~ — I ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ 
--

~ 
•. -.--—. ‘- ———-• -.— •-•-——•-

~ 
—

~~~
.---- -- —‘-——-- —



4.3 CASE C

The final numerical experiment is an over land case in which
the surface temperature under goes a substantial diurnal oscil la-
tion. Motivation for this overla nd case comes in part from a need
to gain insi ght into just which processes are uniqu e to the MPBL .

The initIal and boundary condi t ions for th i s case are those
used in Burk (1977). BrIefly, the surface temperature and surface
specif ic humidity are specified to undergo a diurnal wave (Figure
9), whi le  the initial ver t ica l  d ist r ibut ions of wind and v i r tual
potential temperature are as shown In F igure 10. The geostrophic
wind is taken as a constant with height and time , having the value
U = 18 ms 1 and V = 0. The surface roughness length , z , i s set
at 1 cm , and the Coriolis parameter has a value of 10 s~ , which
corres ponds to about 43°N.

The model experiment begins at 2000 LT and i n tegra tes throu gh
one diurnal cycle.  - In Burk (1977), emphasis was placed on the
behavior of the spec i f ic  humidity f ie ld .  No clouds develo p in this
over land case.  As in cases A and B, our prime concern is w i th  the ’
nature of aco ust ic,  opt ical and microwave s t ructure parameters.

Figure 11 shows that at 0000 and 0500 LI the acoust ic  i ndex
of refract ion structure parameter, C 2 , is pr imari ly dependent upon
the term involving C in Eq. (52). A loft, the term involving
C also is contr ibuting to the total C . The near-surface
nocturnal values of acoustic Cn are rela tively small compared to

those wh ich appear during mldafternoon of this experiment , but
they are comparable to the acoustic C~ values in cases A and B.
The difference in the two prof i les in Figure 11 is assoc ia ted  w i th
the strengthe ning and sharpening of the nocturnal inversion during
this period . The inversion top is located between 500 and 600 m

• at 0500 LI.
The situation in regard to the terms contr ibuting to micro-

wave C~ tends to be more co mplex in this o ver la nd experiment than

In the MPBL simu lations of cases A and B. Figure 12 shows the

j  

distributions of the three terms in Eq. (54) at 0000 and 0500 LI.
Near the surface , all three term s make importa nt contr ibut ions to
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7

the total microwave C 2 . Microwave C~ alof t ’i s determined primari ly
by C~ , although the C.~ term still significant , partic ularly .at
0500 IT where it has caused the peak in C~ to be located at 500 m
rather than 550 m.

At 1500 LI, acous ti c  and op ti cal C~ are pr i mar i l y de term i ne d
by C~ for heights be low aboi~t 1 km (Figure 13). The inversion is
at 1550 m. Near the Invers ion , all three terms in Eqs. (52) and

• (53 ) are important.
Wesely (1 976)  shows that if the rat io

C w ’T ’
R =  e 

, (58)
-C 1w ’e ’

has an absolute value near unity , then the correction factors ,a2
2 a

and 
~v ’ 

in Eqs. (45) and (47) can be calculated based upon the
local Bowen rat io. Figure 14 shows that below 1.2 km , I R I i s near
unity . Note that the height at which I R I first deviates from unity
closel y coincides with the height at which the structural correla-
t i on coe f f i c i ent r et~ chan ges sign. At 1500 LI , th e zero c ross i ng
of ret occurs at -1 325 m (= 0.85 z1 ). In the region between
0.85 Z i, an d z 1, the i n f l uence  of en tra i nmen t of warm , dr y a i r from
above (hav ing negative o ’e ’) is very evident. Also note in
Figure 13 that the acoustic C~ Is c lose ly  fo l low in g  a
distr ibution. The surface temperature is a maximum at this time
and the boundar y layer is quite unstable.

At 1500 LT , the first and second terms in Eq. (54) for micro-

wave C2 are both rather large near the surface and of the same

magni tude but opposite si gns. The m icrowave C~ a lo ft shows a pea k

near the capping inversIon , and its value is almost totally

determined by the term involv ing C~ .
Finally, let us look at the s i tua t ion  at 1800 II. Here some

interesting res ults occur in the acoust ic  and opt ical  re f rac t ive
index parameters . Whereas at 0000 and 0500 LI the near-surface
aco usti c and opt ical C 2 values were determined almost exc lu s ive ly
by C1, at 1800 LI this is not the case (Figure 15).  Near the
surfa c e , the fi rst and second terms in Eq. (52)  are near equal ,
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whi le the.thir d term Is somewhat smaller. All three terms aloft
con tr i bute i n a com p lex manner to the to tal acous ti c C2. Also ,
CT does not fol low a Z~ distribution despite the fact that the
P81 is near-neutral (I = -810 m). Wynga&rd (1973) discusses the
need for caution in applying similarity theory near sunrise or
sunset due to the’ nons tationarity of the boundary layer. This
seems to be the reason for th e a b sence of th e behav i or a t
1800 LT . T he mi crowave C2 at this time i s  determ ined almost solely

b y C ~ .
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5. CONCLUDING REMARKS

The make -up of the acoustic, optical and microwave index of
refract ion structure parameters has been investigated in this report.
Clearl y, a turbulence closure model suc h as described here has a
great many other possible applications. - For exam ple , O l iver et a l .
(1978) use such a model in studying the interaction of the turbu-
lence and rad iation fields as fog and stratus develop. Varnada
(1978), us ing a three -dimensional closure model in which some of
the equations have been simplified , per forms s i mulat i ons of clou d
development over a cooling pond.

Three se parate numer i cal ex per i men ts are d i scusse d . Cas~ s A - ‘

and B dea l with rather typical MPBL situations. The final experi -
ment (case C) is an over land s imulat ion.  The cont r ibut ions of the
three terms appear ing in Eqs. ( 5 2 ) - ( 5 4 )  to the total  acous t i c ,
opti ca l , and m i crowave re frac ti ve i ndex s truc ture pa rame ters are

• exam ined.

The results of the experiments show significant differences
between the marine boundary layer cases and the over land case
insofar as the re la t ive  importance of the var ious terms contr ibu- - -

ting to these structure parameters is concerned. For instance ,
excep t when the boundary layer is near transition (sunrise and
sunse t), the acoustic and optical C2 over lan d are de term i ne d almost
solely by CT below the inversion. In the MPBL cases , however , the
second an d third terms in Eqs. (52) and (53) make important
contr ibutions to acoustic and opt ical C2. Also , i n the MPBL
simulations, the term involving C is the prime determinant of

m icrowave C~ ; whereas , near the surface in the overland case , all
three terms in Eq. (54) are signif icant.

To an extent, these results may be interpreted in terms of

Wesel y ’s (1976) method of relating the correction factors cz~~, ct~~,
and in Eqs. (4~~

) ,  ~~~~~~~~~ and (~ g) to the Bowen ra ti o , ~~ .

Figures 1- 3 of Wesely (1976) graphicall y display these relation-

ships . Above land typically 81>0.5, and Wesely ’s figures show

that a and a should be near unity . T hus , overland acous tic anda 2 v 2opt ical C,.~ should be determi ned primari ly by C1 as found abov e.

33

— — ~~~~~~~~ 
________  —



F-- 
— -‘- — ‘- —‘-

However , when 18 1>0. 5 , Wese ly  (Figure 3) shows that ‘y can diffe r
signif icantly from unity , meaning that over la nd C and C may
con tr ibute s ignif icantly to mi c rowave C~~. Again , this is what we
found, at least near the surface .

Over the ocean surface 1 8 1 may be smal l .  Thus should be
near unity , while aa an d av may diffe r si gnificantly from unity .
This also is consistent with our findings .

The re arf s i tuat ions , however, in which the Wesely relation-
ships based upon local Bowen ratio cannot be utilized. The ratio

IRI In Eq. (58) must be near unity for the Wesely relations to
ho ld. Both In the overland case and the MPBL cases , I R I close to
the s urface was almost always found to be near unity . Similar ly,
the magnitude of the structural correla tion coefficient, Ir et l~ ~
always found to be close to unity near the surface In these
experiments except for short per iods near sunrise and sunset.
However , aloft in a convective boundar y layer, ret changes sign.
In the vic ini ty of the zero cross i ng of ret~ the mo i s ture and hea t
fl uxes are weak and the triple correlation diffusion terms which
appear In the equations for the turbulent moments are important .
At and above the zero crossing of ret, I R I is no longer typical l)
close to unity (Figure 14).

Although the optical structure parameter has not been empha-
sized here , it should be stated that the model results are
consistent with measured values of this quantity . Wesely and

Alcaraz (1973) dIscuss the diurnal cycle of optical refractive Index
structure function coefficients in a variety.of circumstances. In
their Figure 10 they present results of measurements of optical
above grass at the electromagnetic propagation range of the U.S.
Army Ballistic Research Laboratories , Aberdeen Proving Ground ,
Maryland. The measurements were made during the sprtn g above a
moist ., grassy surface. These conditions are sim ilar to those
assume d for case C. In our Figure 16 we reproduce these measured
values of optical C~ and also the C~ values from case C at 5 and
10 m above the surface . The degree of agreement in Figure 16
certainly may be somewnat fortuitous since case C was not specific-

• 
ally designed to simulate the conditions present at the observation
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site . However , the general agreement is encoura ging. Wese ly and
Alcaraz (1973) also point out that cloud cover caused the low
values measured between 1600 and ~80O LI.

An effort Is be ing initiated to examine these model results
further and to compare them with a more extensive atmospheric data
set. The in fluence of stratus and fog on the structure coeffi-
cients will also be investigated. It is recognized that such
deta iled boundary layer investigations may necessitate revisions
in the turbulence closure model. Th is continual need to revise
one ’s model is an integral p-art of the empiricism of numer ical

modeling which , although humbl i ng, represen ts progress.
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